The Zoige Wetland is located in the northeastern Qinghai-Tibetan Plateau, which is highly sensitive to global environment change and human disturbance because of its high elevation and cold environment, thus, it's a hotspot for land use and land cover change (LUCC) research. We used Landsat MSS images from 1975, Landsat ETM images from 2000, and Landsat TM images from 1990 and 2005 to assess the LUCC in the study area, using GIS techniques, as well as topographic, vegetation, and soil maps combined with field investigations. . According to the analysis of meteorological data and social-economic statistical data, we concluded that the LUCC in the Zoige Wetland was caused by both natural and anthropogenic factors, but human activities were primarily responsible for the observed LUCC, thereby, we suggest human behaviors must be adjusted to control environmental degradation.
Introduction
Land use and land cover change (LUCC) is a complex process caused by the interaction between natural and social systems at different temporal and spatial scales (Lambin, 2000) , and LUCC dynamics are influenced by the types of land cover involved, the ecological mechanisms of succession and regeneration, the physical components of the environment, socioeconomic activities and their cultural context, and meteorological phenomena or other natural factors (Dale et al., 1994; Kareiva and Wennergren, 1995; Lindenmayer and Franklin, 1997) . As LUCC studies cover large areas and time periods, making ground-based surveys prohibitively difficult, remotely sensed images are generally used in LUCC monitoring and analysis at a range of spatial and temporal scales (Mertens and Lambin, 1997; Rogan et al., 2003; Crews-Meyer, 2004) . During recent decades, the study of LUCC has become a prominent research topic, as LUCC has been recognized as one of the most important factors of environmental modification worldwide, especially since the International Geosphere and Biosphere Programme (IGBP) and the International Human Dimensions Programme on Global Environmental Change (IHDP) initiated their core project on LUCC in the mid-1990s (Turner II, 1995; Lambin, 2000) .
The Zoige Wetland lies in the northeastern Qinghai-Tibetan Plateau, which is highly sensitive to global environment change and human disturbance because of its high elevation and cold environment. During the last decade, environmental problems in the Qinghai-Tibetan Plateau have been receiving an increasing amount of attention due to the impacts of global warming and intensifying regional development (Wang and Cheng, 2001; Dong and Chen, 2002; Liu et al., 2008) . Since the 1960s, the mean annual temperature in the source regions of China's Yellow River (where the Zoige Wetland is located) increased by 0.7 °C. This is one of the largest temperature increases recorded on the Qinghai-Tibetan Plateau, and an order of magnitude higher than the range of global average values (Wang and Zhou, 1998; Yang et al., 2004) . The rapid climate change in this region is causing environmental problems such as permafrost degradation, desertification, and grassland degradation . The Zoige Wetland is recognized as a natural reservoir for the Yellow River, because nearly 30% of the Yellow River's total flow originates from the wetland, and it has the most extensive distribution of high-altitude peat bogs in the world. However, beginning in the 1970s, large-scale drainage of marshes was conducted in the Zoige Wetland to increase grain and livestock production, which caused large areas of marshland degraded to grassland or even to sandy land. To protect the environment of this region, the Chinese government classified this area as a county-level nature reserve in 1994, and upgraded it to a national nature reserve in 1998 due to its important role in water conservation, bio-diversity protection, and wetland conservation. We therefore conducted this study to reveal the LUCC characteristics and understand its driving forces.
Study area
The Zoige Wetland is located between 100°45′44.19″E and 103°37′8.26″E, and between 31°51′2.21″N and 34°23′5.01″N, in the northeastern part of the Qinghai-Tibetan Plateau (Figure 1) , bordered by the Min Mountains to the east, the Anyemaqen Mountains to the west, Gahai Lake to the north, and the Qionglai Mountains to the south. It covers an area of 38,147 km 2 and is under the administration of Zoige, Hongyuan, and Aba counties of Sichuan Province and Maqu County of Gansu Province. The altitude of this region ranges from 2,410 to 4,964 m, with a mean altitude of 3,702 m. This region has a humid, frigid continental monsoon climate due to its high altitude. The mean annual temperature ranges from 0.6 to 1.1 °C, and the mean annual precipitation ranges from 654 to 780 mm. The precipitation mainly falls between May and September, accounting for more than 80% of the annual precipitation (Zhang and Lu, 2009 ). The mean annual evaporation ranges between 1,100 and 1,273 mm, with a mean wind speed of 3.64 m/s in winter and spring and a maximum wind speed of 35 m/s. The temperature does not vary greatly between seasons, but there is a long cold season and a short warm season. The main economic activity is grazing, and the residents of this region mainly belong to the Tibetan ethnic group.
Methodology

Data sources
We used four sets of remotely sensed data in this study, including Landsat Multispectral Scanner System (MSS) images acquired in 1975, with an 80-m spatial resolution; Enhanced Thematic Mapper Plus (ETM+) images acquired in 2000, with a 30-m resolution; and Thematic Mapper (TM) images acquired in 1990 and 2005, with a 30-m spatial resolution. We selected images recorded between June and October, when vegetation grew well, and sandy lands are more easily recognized during this period. In addition to these data, we used topographic maps at a scale of 1:100,000 surveyed by the Chinese Mapping Agency in the early 1980s, vegetation and soil maps for ancillary materials to assist our classification of land use and land cover types during the visual interpretation process.
Image processing and interpretation
We performed geometric corrections using version 9.1 of the ERDAS Imagine software (ERDAS, Norcross, GA). The ETM+ images acquired in 2000 were georeferenced using ground control points derived from the topographic maps. The mean positional errors for georectification of the TM and ETM+ images were controlled to less than 1.5 pixels in mountainous regions and less than 1 pixel in flat regions, which are acceptable for large-scale surveys. The TM images from 1990 and 2005 and the MSS images from 1975 were matched with the geometrically corrected ETM+ images from 2000 by means of an image-to-image matching method provided by the ERDAS Imagine software.
To accurately classify the land cover, we investigated the study area at the beginning of this research by taking a series of photographs of each type of land cover and recording its geographic coordinates using a global positioning system (GPS) receiver, and then finding the corresponding land cover in the remote-sensing images at those geographic coordinates to build an interpretation symbol database for use in subsequent image interpretation. In addition, we digitized the topographic maps at a scale of 1:100,000 to provide vector data, then transformed the vegetation and soil maps to the same projection mode and coordinate system so that they could be overlaid on the other images to provide assistance with image interpretation.
Visual interpretation was based on image characteristics such as color, shape, size, shading, texture, structure, and relative spatial distribution of each class of land cover. In addition, the abovementioned ancillary materials were used to improve the accuracy of the classification. This comprehensive analysis and logical reasoning skills are both necessary during the process of visual interpretation, so the interpreters must possess abundant geo-science knowledge. Although the visual interpretation of the TM, ETM+, and MSS images was labor-intensive and time-consuming, the resulting mapping accuracy is higher than that provided by either unsupervised or supervised classification, which are unable to discern examples of the same land cover with different spectral characteristics or examples of different classes of land cover with the same spectral characteristics.
The polygons with different land cover types in the images acquired in 2000 were labeled according to their cover class. Once the digital map of the land coverage in 2000 was complete, the polygons were copied and the segments that needed modification were changed based on the 2005 and 1990 images; they were updated by adding, deleting, or modifying lines in order to reflect LUCC from 1990 to 2000 and from 2000 to 2005. Similarly, the polygons in the 1990 land coverage map were updated (by adding, deleting, or modifying lines) and the 1990 map was compared with the 1975 land coverage map to determine LUCC from 1975 to 1990. The visual interpretation process was completed using version 9.1 of the ArcMap software (ESRI, Redlands, CA).
The interpretation results on images for the study area were validated in the field in August of 2006. Subsequent corrections were made after field validation to ensure the classification accuracy over 95%.
Land use and cover type classification system
Based on the classification system of Chinese Resources and Environment Database of the Chinese Academy of Sciences, we divided grasslands into three second-level categories (with high, moderate, and low vegetation cover) as grassland is the main land cover in this region. We grouped all subcategories of forest, cultivated land, bodies of water, and building land under the corresponding first-level category, but we separated sandy land and wetlands from the unused land category as these land use types have special meaning in the studies of environmental change (Table 1) .
Results
Over the whole study period in the Zoige Wetland, the largest area is occupied by grassland, followed by forest and wetland (Figure 2 , and 1,638 km 2 of grassland degraded from higher vegetation coverage to lower ones (Table 2) . Table 3 shows the transition matrix of the LUCC in the sub-periods of 1975 -1990 , 1990 -2000 , and 2000 -2005 . From 1975 to 1990 2 of the forest changed to high, moderate, and low coverage grasslands. The conversion among the three types of grassland included 206 km 2 of high coverage grassland degraded to moderate coverage grassland, 74 km 2 of high coverage grassland degraded to low coverage grassland, and 41 km 2 of moderate coverage grassland degraded to low coverage grassland. Wetland mainly changed to grassland, and the expanded sandy land mainly changed from degraded grassland, besides, there was 0.34 km 2 of sandy land changed from degraded wetland. The area of building land increased steadily, mainly by replacing grassland. However, some forest, grassland, and wetland recovered during this sub-period, but their recover areas were very small. Natural grassland, improved grassland, and mowed grassland with vegetation cover >50%. These grasslands were generally distributed in areas with good water availability and had a good growth status. Moderate coverage grassland Natural grassland and improved grassland with vegetation cover of 20% to 50%. These grasslands were always distributed in areas with water shortages. Low coverage grassland Natural grassland with vegetation cover of 5% to 20%. These grasslands experienced severe water shortages and produced poor grazing conditions. Bodies of water Natural water and water at conservation facilities.
Building land
Urban and rural residential areas, industrial land, mining land, and land used for transportation infrastructures.
Sandy land
Land covered by sand, with vegetation cover of <5%, including deserts but not including sandy beaches beside bodies of water. Wetland
Areas that is flat and low-lying, with poor drainage conditions. As a result, they are always damp, with seasonal water logging or continuous flooding. Generally covered with hygrophytes.
Unused land
Land that has not been used or that would be prohibitively difficult to use (e.g., bare rock and extremely steep slopes).
Cultivated land
Areas cultivated with crops, including old arable land, newly cultivated land, fallow land, and land undergoing crop rotation, as well as fruit crops and agro-forestry land mainly used to cultivate crops. This also includes beaches and coastal land that have been cultivated for more than three years. Comparing with the change rates between 1975 and 1990, the LUCC rates between 1990 and 2000 showed a slower change in forest cover, with only 33 km 2 of forest changed to other types of land cover. In contrast, the degradation of grassland accelerated, with 904 km 2 of high coverage grassland changing to other types, including 499 km 2 of moderate coverage grassland and 375 km 2 of low coverage grassland. The grassland degradation also included 200 km 2 of moderate coverage grassland degraded to low coverage grassland. However, recovery of moderate and low coverage grassland also occurred in 292 km 2 due to countermeasures carried out by local governments. The wetland, sandy land, and building land showed changes similar to those in the sub-period of 1975-1990 (i.e., sandy land and building land increased and wetland decreased) ( Table 3) .
The trends of LUCC in the sub-period of 2000-2005 were similar to the sub-period of 1990-2000. The environmental degradation continued and the wetland shrank steadily in the three sub-periods. Between 2000 and 2005, although the decrease rate of forest slowed down and the recovery rate of grassland increased, the area of degraded grassland was still much larger than the recovered (Table 3) .
Driving forces responsible for the LUCC
Natural factors
We analyzed the mean annual climate changes in the study area based on meteorological data recorded by the Zoige, Maqu, Aba, and Hongyuan meteorological stations from 1975 to 2005. The climate of the Zoige Wetland tended to become increasingly warm and dry between 1975 and 2005 ( Figure 3) . The mean increase per decade in the mean annual temperature was 0.39, 0.40, 0.47, and 0.54 °C, respectively, for Hongyuan, Zoige, Maqu, and Aba counties, which is much greater than the global mean of 0.03 to 0.06 °C per decade (Houghton, 1995) . The increased temperature led to degradation of frozen soils (Wang, 1997) .
The Zoige Wetland is a transitional zone between zones with permafrost and seasonally frozen soils in the northeastern part of the Qinghai-Tibetan Plateau. However, no contemporary frozen soils could be found in 2005, and permafrost disappeared everywhere except in the surrounding mountains due to the continual warming. Permafrost formerly played an important role in maintaining the meadow vegetation of the Zoige Wetland and other areas of the Qinghai-Tibetan Plateau because permafrost layers maintain water around plant roots by blocking infiltration of water into deeper soil layers. This decreased the water content in the surface soil, leading to drying of the surface soil and increased water stress for plants, contributing to the observed LUCC.
The seasonal distribution of precipitation in the study area is extremely uneven, with nearly 80% of annual precipitation falls between May and September, which aggravated spring and autumn droughts and resulted in grasses to dry out and turn yellow earlier in the growing seasons (Wang et al., 2005) . Furthermore, the mean annual precipitation in the four counties tended to decrease between 1975 and 2005. The mean decreases in annual precipitation per decade were 42, 16, 19, and 34 mm, respectively, for Hongyuan, Zoige, Maqu, and Aba counties (Figure 3) . The decrease in precipitation, whose effects were exacerbated by the aforementioned loss of permafrost, is likely to have greatly increased moisture stress on the vegetation, leading to degradation of grasslands and marshes.
Anthropogenic factors
Overgrazing
Livestock husbandry is the primary industry in the Zoige Wetland. The number of livestock increased rapidly between 1975 and 2005 (Figure 4 ) due to the increasing demand for economic growth, which greatly exceeded the theoretical carrying capacity of this region's grassland (Sheng and Tian, 2006; Niu et al., 2008 (Niu et al., 2008) . The number of livestock increased rapidly, while the carrying capacity tended to decrease, suggesting that the over-grazed grassland tended to become degraded. On this basis, the grassland of Maqu County was over-grazed by 16%, 98%, 101%, and 69% in 1975, 1990, 2000, and 2005 respectively. The other counties were also over-grazed, though to different extents, between 1975 and 2005 . For example, Hongyuan County was over-grazed by 39% in 1991, Aba County was over-grazed by 64% in 2003, and Zoige County was over-grazed by 32%, 51%, and 63%, respectively, in 1985 32%, 51%, and 63%, respectively, in , 2001 32%, 51%, and 63%, respectively, in , and 2003 32%, 51%, and 63%, respectively, in (Zhang et al., 2007 .
Drainage of water systems
Originally, there were about 4,902 km 2 of marshes in the Zoige Wetland, accounting for 4.1% of China's total area of marshes (Yang and Wang, 2001) . The mire and peat soils in the wetland remained essentially undisturbed until at least the 1950s (Cai, 1965) . However, beginning in the 1970s, large-scale drainage of marshes was conducted in the Zoige Wetland to increase grain and livestock production. Nearly 1,000 drainage canals, with a total length of 2,864 km, were built. The total drained area reached 2,000 km 2 , accounting for 41% of the total marshes and peat lands in the Zoige Wetland. This drainage restrained or even eliminated the development of marsh and peat soils, which sub-sequently degraded into meadow soils or even aeolian sandy soils. Yang and Wang (2001) noted a successive degradation process in the wetland from mire soil or peat soil to a meadow soil or aeolian sandy soil, accompanied by a marked drop in soil fertility, when these soils were drained, especially in terms of the content of organic matter, total nitrogen, and total phosphorus. The drained soils were then subjected to further degradation when they were over-grazed.
Rodent damages
Rodent damage is another important factor that may have been responsible for grassland degradation in this region. The local rodents include the steppe zokor (Myospalax sp.), pikas and Himalayan marmots (Marmota sp.), and voles (Microtus sp.). All of these animals burrow in the upper layers of the soil and consume grasses and grass roots, and where these animals live at high density, this can lead to the destruction of grassland areas (Luo and Zhen, 2006) . As their natural enemies (such as the Tibetan fox, Siberian weasel and tawny eagle) have declined, combined with ineffective measures to control these herbivores, the damage they caused has become increasingly serious.
In the Zoige Wetland, nearly 3,478 km 2 of grassland has been damaged by rodents. Estimates suggest that there are nearly 1,000,000 zokors in Zoige County and that they consume 25 kt of fresh grass annually, the equivalent of 12,500 sheep units. In Maqu County, the area of grassland harmed by rodents has increased continuously, from 700 km 2 in 1993 to 1,230 km 2 in 1995 and 1,670 km 2 in 2001, representing an increase of 970 km 2 from 1993 to 2001. The area of damage in Zoige County was 235 km 2 in the early 1980s, but had increased to nearly 3,000 km 2 in 2003, nearly 13 times the value in the 1980s. In addition, degraded grassland provides a comfortable environment for rodents, leading to increased populations and increasing amounts of damage (Zhou and Li, 2003) . Niu et al., 2008) 6. Discussion and conclusion
We described the LUCC process in the Zoige Wetland using multi-temporal remotely sensed images. It was found that the environment of the Zoige Wetland degraded greatly and continuously from 1975 to 2005. The observed environment degradation appears to have been caused by a combination of climate change (a trend towards warmer and drier) and human activities (overgrazing and drainage of water systems). The patterns of LUCC mainly included changes from forest to grassland, decreases in grassland vegetation coverage, and changes from wetland to sandy land.
Natural factors such as climatic variations constituted the background for the LUCC. However, the range of climatic variation did not appear to exceed the threshold required for the observed LUCC (such as the increase of sandy land). Human disturbances appear to be the most important factors responsible for the LUCC in the Zoige Wetland. Evidence for this is our observation that degraded meadows could restore by themselves once they had been fenced to protect them from grazing animals. Human disturbances leading to the LUCC in the Zoige Wetland mainly include over-grazing, drainage of water systems, land reclamation for agriculture, unsustainable collection of medical herbs and peat, and mining. However, compared with over-grazing and drainage of water systems, the other factors were only significant in some local areas.
The "tragedy of the commons" has led to problems such as overgrazing in common pasture areas throughout the study area, so it will be necessary to adjust the grazing rights of local peoples to prevent further overgrazing. It will be very important to strengthen the knowledge of environmental protection by local peoples so they will understand the need for such changes. In addition, the government must find alternative forms of employment that will be attractive to these peoples and that will sustain them in the long term so that they are not forced to return to their old, unsustainable practices.
